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LiNi0.6COxMn0.4-xO2  (x  =  0.05,  0.10,  0.15,  0.2)  cathode  materials  are  prepared,  and  their  structural  and 
electrochemical  properties  are  investigated  using  X-ray  diffraction  (XRD),  scanning  electron  micro¬ 
scope  (SEM),  X-ray  photoelectron  spectroscopy  (XPS),  differential  scanning  calorimetric  (DSC)  and 
charge-discharge  test.  The  results  show  that  well-ordering  layered  LiNi0.6COxMn0.4-xO2  (x  =  0.05,  0.10, 
0.15,  0.2)  cathode  materials  are  successfully  prepared  in  air  at  850  °C.  The  increase  of  the  Co  content  in 
LiNi0.6Mn0.4-xCOxO2  leads  to  the  acceleration  of  the  grain  growth,  the  increase  of  the  initial  discharge 
capacity  and  the  deterioration  of  the  cycling  performance  of  LiNi0.6Mn0.4-xCOxO2.  It  also  leads  to  the 
enhancement  of  the  ratio  Ni3+/Ni2+  in  LiNi0.6COxMn0.4-xO2,  which  is  approved  by  the  XPS  analysis,  result¬ 
ing  in  the  increase  of  the  phase  transition  during  cycling.  This  is  speculated  to  be  main  reason  for  the 
deteriotion  of  the  cycling  performance.  All  synthesized  LiNi0.6COxMn0.4-xO2  samples  charged  at  4.3  V 
show  exothermic  peaks  with  an  onset  temperature  of  larger  than  255  °C,  and  give  out  less  than  400 J  g-1 
of  total  heat  flow  associated  with  the  peaks  in  DSC  analysis  profile,  exhibiting  better  thermal  stability. 
LiNio.6Coo.05Mno.35O2  with  low  Co  content  and  good  thermal  stability  presents  a  capacity  of  156.6  mAhg-1 
and  98.5%  of  initial  capacity  retention  after  50  cycles,  showing  to  be  a  promising  cathode  materials  for 
Li-ion  batteries. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

LiCo02  has  been  widely  used  as  cathode  material  for  lithium- 
ion  batteries  due  to  its  high  capacity  and  excellent  cycling  stability. 
Nonetheless,  cobalt  has  economic  and  environmental  problems 
that  leave  the  door  open  to  exploit  alternative  cathode  materi¬ 
als,  such  as  layered  LiNi02  [1,2],  LiMn02  [3,4],  spinel  LiMn204 
[5,6].  Unfortunately,  these  materials  still  have  significant  draw¬ 
backs.  The  major  problems  associated  with  LiNi02  include  the 
difficult  to  prepare  a  stoichiometric  LiNi02  powders  without  cation 
mixing,  the  structure  degradation  caused  by  irreversible  phase 
transition  during  electrochemical  cycling  [  7,8  ] ,  thermal  safety  prob¬ 
lems  caused  by  oxygen  release  in  the  charged  state.  The  main 
shortcoming  of  layered  LiMn02  is  the  crystallographic  transfor¬ 
mation  to  spinel  structure  during  electrochemical  cycling  [3,4,9]. 
LiMn204  presents  smaller  capacity,  and  significant  capacity  fading 
during  cycling  at  elevated  temperature  due  to  several  probabilities, 
e.g.,  manganese  dissolution,  electrolyte  decomposition,  Jahn-Teller 
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distortion  [10,11].  Various  approaches  such  as  partial  replacement 
of  nickel  and  manganese  by  transition  metals,  surface  coating, 
optimizing  preparation  methods  and  conditions  were  adopted  to 
improve  their  performance  [6,12-15]. 

The  most  appropriate  and  successful  approach  is  to  introduce  Ni, 
Co  and  Mn  ions  simultaneously  in  the  layer  structure.  A  solution  of 
LiNi1_x_yCoxMny02  may  possess  improved  performances,  such  as 
thermal  stability,  due  to  the  co-operation  effect  of  the  three  ions. 
Recently,  intensive  effort  has  been  directed  towards  development 
of  LiNixCoi_2xMnx02  as  possible  replacement  for  UCo02  [16-23]. 
Now  LiNi1/3Co1/3Mn1/302  and  LiNio.4Coo.2Mno.4O3  have  been  com¬ 
mercialized  and  used  widely  in  commercial  lithium-ion  batteries 
due  to  lower  cost,  better  electrochemical  performance  and  ther¬ 
mal  stability.  However,  these  materials  show  low  capacities  of  only 
-150  mAh  g-1. 

Lithium  nickel  cobalt  manganese  composite  oxide  with  higher 
capacity  can  be  obtained  while  the  nickel  content  increases  in 
such  material.  Investigation  of  the  preparation  and  the  electro¬ 
chemical  properties  of  LiNi1_x_yCoxMny02  (0<x<0.5,  0<y<0.3) 
show  that  LiNi0.7Co0.2Mn0.iO2  is  a  material  of  high  capac¬ 
ity  and  good  cycleability.  The  excess  Mn  doping  in  case  of 
LiNio.5Coo.2Mno.3O2  returns  a  cycle  life  as  poor  as  that  of  pristine 
LiNi02  [24].  Yoshio  et  al.  [25]  have  studied  the  preparation  and 
properties  of  LiNi0.8-yCoyMn0.2O2  (0<y<0.3),  and  successfully 
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Fig.  1.  XRD  patterns  of  LiNi0.6Mn0.4_xCoxO2. 


synthesized  LiNio.8-yCOyMno.2O2  with  discharge  capacities  greater 
than  155  mAhg-1  in  air.  Chen  et  al.  [26]  has  prepared  single-phase 
electroactive  LiNi0.8-xCoxMn0.2O2  (x  =  0.05,  0.10,  0.20)  compounds 
by  heating  the  precursor  Ni0.8-xCoxMn0.2  (OH)2  and  Li2C03  in  air 
at  850-900  °C.  LiNio.7Coo.1Mno.2O2  and  LiNio.6Coo.2Mno.2O2  with 
an  initial  discharge  capacities  of  150  mAh  g-1  have  been  reported 
to  have  the  best  electrochemical  characteristics  among  the  three 
materials.  Liao  et  al.  [27]  have  synthesized  LiNio.6Co0.4-xMnx02 
(x  =  0.15, 0.2, 0.25)  materials  in  02  by  the  mixing  hydroxide  method. 
LiNio.6Coo.25Mno.15O2  calcined  at  900  °C  exhibits  the  good  electro¬ 
chemical  characteristics,  showing  the  initial  discharge  capacity  of 
178.4  mAh  g-1  and  the  capacity  retention  of  98.1%  after  20  cycles. 
Kim  et  al.  [14]  has  reported  that  Li[Ni0.8Coo.2-xMnx]02  (x  =  0,  0.1) 
prepared  in  02  atmosphere  can  deliver  a  discharge  capacity  of 
197-202  mAhg-1  and  shows  good  cycling  performance.  Compared 
to  Li[Ni0.8Co0.2]O2,  Li[Ni0.8Co0.iMn0.i]O2  exhibits  better  thermal 


Table  1 

Lattice  parameters  of  LiNi0.6Mn0.4-xCoxO2  samples. 


stability  because  of  the  improvement  of  structural  stability  due 
to  Mn  substitution.  The  properties  of  LiNio.6Coo.2Mno.2O2  pre¬ 
pared  by  a  carbonate  co-precipitation  method  [28],  hydroxide 
co-precipitation  method  [29]  and  solid-state  reaction  [30]  have  also 
been  investigated.  The  material  prepared  at  850-900  °C  in  air  or  O2 
exhibits  an  electrochemical  properties  of  initial  capacity  of  about 
170  mAh  g-1  and  better  cycleability. 

Although  LiNi1_x_3/CoxMny02  with  higher  capacity  have  been 
studied  by  some  groups,  less  attention  has  been  paid  on 
the  preparation  and  properties  of  LiNi!_x_yCoxMny02  with  Mn 
content  0.2<y<0.4  and  Co  content  0<x<0.2.  In  this  study, 
LiNio.6Mn0.4-xCox02  (x  =  0.05,  0.1,  0.15,  0.2)  were  synthesized  in 
air.  The  structural  properties,  morphology,  electrochemical  prop¬ 
erties  and  thermal  stability  of  LiNi0.6Mno.4_xCox02  powders  were 
investigated. 

2.  Experimental 

LiNi0.6Mno.4_xCox02  were  prepared  by  mixing  homogenous 
Ni0.6Mn0.4_xCox  (OH)2  precursor  with  5%  excess  LiOH  H20  thor¬ 
oughly  and  heating  at  850  °C  for  20  h  in  air.  The  heating  temperature 
was  chosen  after  experiments  for  heating  temperature  optimiza¬ 
tion. 

Powder  X-ray  diffraction  (SHIMADZU,  XRD7000)  measurements 
using  Cu  Ka  radiation  were  used  to  characterize  the  structures  of 
the  powders.  Particle  morphology  of  the  powders  was  observed 
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Fig.  2.  SEM  images  of  LiNio.6Mno.4_xCox02. 
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using  a  scanning  electron  microscope  (SEM,  HITCHI  S-3500).  X-ray 
photoelectron  spectroscopy  (XPS,  PHI-5800)  measurements  were 
conducted  to  determine  the  oxidation  states  of  Ni  and  Mn.  Al  Ka 
(1486  eV)  radiation  was  the  primary  excitation  source,  and  the 
energy  scale  was  adjusted  based  on  the  carbon  peak  in  the  Cls 
spectra  at  284.6  eV. 

The  electrochemical  characterization  was  performed  using 
CR2032  coin-type  cells.  The  cell  consisted  of  a  cathode  with 
the  composition  of  88wt.%  LiNio.6Mn0.4_xCox02,  6wt.  %  carbon 
black,  and  6wt.%  PVDF,  a  lithium  metal  anode  separated  by  a 
Celguard  2400  microporous  film.  The  electrolyte  was  1  M  LiPF6 
EC  +  DEC  +  DMC  ( 1 : 1 : 1  by  volume).  The  cell  was  assembled  in  argon- 
filled  dry  box.  The  charge-discharge  tests  were  galvanostatically 
performed  over  2.5-4.3  V  at  30  mA  g-1 .  For  the  differential  scanning 
calorimetric  (DSC)  experiments,  after  the  coin  cells  were  galvanos¬ 
tatically  charged  and  discharged  three  cycles  at  30  mAg-1 ,  the  cells 
were  then  fully  charged  to  4.3  V  and  opened  in  argon-filled  dry  box. 
The  extra  electrolyte  was  removed  from  the  surface  of  the  electrode, 
and  the  electrode  materials  were  collected  from  the  current  collec¬ 


Binding  energy  /eV 

(a) 


tor,  and  then  used  for  DSC  measurements.  The  measurements  were 
carried  out  in  a  Pekin-Elemer  Pyris  1  DSC  at  a  scan  rate  of  1  °C  min-1 . 

3.  Results  and  discussion 

Fig.  1  displays  the  X-ray  diffraction  patterns  of 
LiNi0.6Mn0.4_xCoxO2  (x  =  0.05,  0.10,  0.15,  0.2)  prepared  in  air, 
respectively.  All  diffraction  peaks  in  each  of  the  patterns  are 
indexed  on  the  basis  of  the  a-NaFe02  structure  (R3m).  Unit  cell 
parameters  are  calculated  and  summarized  in  Table  1.  The  clear 
splitting  of  the  lines  assigned  to  the  Miller  indices  (006,102) 
and  (1  0  8,1 1  0)  in  Fig.  1,  and  the  ratio  J0 03//104  of  greater  than 
1.2  listed  in  Table  1,  show  that  all  synthesized  powders  presents 
well-ordering  layered  a-NaFe02  structure.  The  results  also  indicate 
that  well-ordering  layered  LiNi0.6CoxMn0.4-xO2  (x  =  0.05, 0.10, 0.15, 
0.2)  can  be  prepared  in  air  at  850  °C. 

Fig.  2  shows  the  SEM  images  of  LiNio.6Mn0.4_xCox02  (x  =  0.05, 
0.10, 0.15, 0.2)  samples.  The  particles  of  sample  with  x  value  of  0.05 
are  formed  by  agglomeration  of  many  small  crystal  particles  with 


(b) 
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Fig.  3.  XPS  spectra  of  (a)  Mn  2p3/2,  (b)  Ni  2p3/2,  and  (c)  O  Is  for  LiNi0.6Mn0.4-xCoxO2. 
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size  of  about  200-500  nm.  With  the  increase  of  the  Co  content  (x 
value  to  0.20),  the  agglomerated  small  crystal  particles  are  sintered 
together  to  form  larger  grain  particles  with  size  of  about  0.5-2  p,m. 
Co  doping  accelerates  the  grain  growth  of  LiNio.6Mno.4_xCox02, 
which  can  improve  the  tap  density. 

Fig.  3  shows  the  XPS  spectra  of  Mn  2p3/2,  Ni  2p3/2,  and  O  Is  for 
LiNio.6Mn0.4-xCox02.  The  O  Is  peak  at  about  529  eV  corresponds  to 
the  lattice  oxygen  [31].  The  binding  energy  is  shown  to  be  529.1, 
529.2,  529.3,  529.5  eV  for  Co  content  x  value  0.05,  0.10,  0.15,  0.20 
in  LiNi0.6Mn0.4_xCoxO2  sample,  respectively.  The  binding  energy  of 
Ols  shifts  slightly  to  higher  value  with  the  increase  of  Co  content, 
which  is  similar  to  that  reported  by  Sun  et  al.  [  18  ].  It  can  be  ascribed 
to  stronger  Co-0  than  Mn-O.  Another  Ols  peak  at  about  531  eV 
corresponds  to  the  absorbed  oxygen,  which  come  from  surface 
C032-  and  -OH,  a  common  impurity  at  the  surface  of  air  exposed 
LiM02  materials,  resulting  from  the  adsorption  of  C02  and  water 
from  the  ambient  either  upon  storage  or  during  synthesis  process 
[31].  The  ration  Sa/S/  of  O  Is  peak  area  for  absorbed  oxygen  Sa  to 
lattic  oxygen  S/  is  shown  to  be  6.0,  6.1,  8.1,  10.2  for  Co  content  x 
value  0.05,  0.10,  0.15,  0.20  in  LiNi0.6Mn0.4-xCoxO2  sample,  respec¬ 
tively.  That  indicates  that  the  amount  of  surface  C032-  and  -OH 
impurity  also  increases  with  the  increase  of  the  Co  content.  More¬ 
over,  the  Mn  2p3/2  spectra  of  the  samples  with  different  amounts  of 
cobalt  are  very  similar.  For  x  =  0.05,  the  Mn  2p3/2  peak  is  observed 
at  642.3  eV,  demonstrating  the  good  correlation  with  the  value 
(642.1  eV)  reported  by  Kang  et  al.  [32]  and  the  value  (642.4  eV)  for 
LiNi0.33Coo.33Mn0.3302,  the  value  (642.5  eV)  for  LiNio.6Coo.2Mj30.2O2 
reported  by  Kosova  et  al.  [33].  With  the  increase  of  the  Co  content  x, 
the  Mn  2p3/2  peak  is  shifted  slightly  to  643.0  eV,  even  though  both 
values  are  rather  typical  for  Mn4+  oxides.  The  peak  shifting  to  higher 
binding  energy  with  the  increase  of  Co  addition  has  been  ascribed 
by  Sun  et  al.  [18]  to  the  electronic  structure  of  Mn  ions  affected  by 
addition  of  Co.  The  Ni  2p3/2  peak  for  x  =  0.05  is  observed  at  855.2  eV. 
That  is  higher  than  that  reported  by  Kang  et  al.  (854.3  eV)  [32], 
which  can  be  attributed  to  the  presence  of  Ni  in  both  2+  and  3+ 
valence  state.  With  the  increase  of  the  Co  content,  the  center  of  Ni 
2P3/2  peak  shifts  to  higher  values,  and  a  shoulder  peak  at  857.4  eV, 
being  same  as  the  Ni  2p3/2  peak  value  of  Ni203  reported  in  liter¬ 
ature  [18],  becomes  obvious  and  stronger.  This  indicates  that  the 
ratio  of  Ni3+/Ni2+  in  LiNio.6Mno.4_xCox02  become  greater  while  the 
Co  content  increases.  It  can  be  concluded  that  the  oxidation  state 
of  Mn  is  maintained  at  4+  regardless  of  Co  content  and  the  charge 
compensation  mechanism  concerns  mostly  the  Ni  oxidation  states. 

Fig.  4  shows  the  first  charge-discharge  curves  for  the  synthe¬ 
sized  LiNio.6Mno.4_xCox02  electrodes  over  2.5-4.3  V.  The  discharge 
capacity  is  shown  to  be  156.9,  164.2,  166.8,  172.8  mAh  g-1  for  Co 
content  x  value  0.05,  0.10,  0.15,  0.20  in  LiNi0.6Mno.4-xCox02  sam- 


Fig.  5.  Cycling  performance  of  LiNio.6Mno.4-xCox02. 


pie,  respectively.  The  discharge  capacity  is  improved  as  Co  content 
in  LiNi0.6lVIno.4_xCox02  increases.  This  is  in  agreement  with  the 
results  ofLiNi0.6Mno.4_xCox02  (x  =  0.15, 0.20, 0.25)  reported  by  Liao 
et  al.  [27].  Because  the  increase  in  discharge  capacity  is  consistent 
with  the  increase  of  ratio  /(oo3)/J(i  04).  which  has  been  reported 
to  be  closely  related  to  the  undesirable  cation  mixing  [34],  the 
decrease  of  cation  disordering  with  the  increase  of  Co  content 
in  LiNio.6Mn0.4_xCox02  leads  to  the  improvement  of  capacity.  The 
capacity  of  sample  with  x  =  0.20  is  very  similar  to  that  reported  in 
literature  [27,28].  This  reassures  that  LiNi0.6CoxMno.4_x02  (x  =  0.05, 
0.10,  0.15,  0.2)  with  better  electrochemical  active  can  be  prepared 
in  air  at850°C. 

Although  the  initial  discharge  capacity  is  improved  with  the 
increase  of  the  Co  content,  the  cycleability  of  LiNi0.6lVIno.4_xCox02 
is  deteriorated,  as  shown  in  Fig.  5.  When  charge-discharged  over 
2. 5-4.3  V  for  50  cycles,  the  sample  with  x  =  0.20  shows  fast  capac¬ 
ity  fading,  and  only  71.5%  of  its  initial  capacity  remains.  However, 
when  Co  content  x  decreases  to  0.05,  the  sample  shows  a  capacity 
of  156.6  mAh  g-1,  and  98.5%  of  initial  capacity  retention  after  50 
cycles,  exhibiting  the  best  electrochemical  performance  among  the 
four  samples. 

What  is  the  reason  for  the  deterioration  of  cycleability  of 
LiNio.6Mn0.4-xCox02  with  the  increase  of  the  Co  content?  One  main 
reason  for  the  capacity  fading  of  LiM02  (M  =  Ni,  Co,  Mn)  is  structural 
change  during  charge/discharge  cycling,  for  example,  irreversible 
change  from  layered  phase  to  spinel  phase  for  LiMn02  [35,36], 
and  characteristic  reversible  structure  change  in  charge/discharge 
process  for  LiNii_xCox02  [37,38].  Although  the  structure  change  in 
charge/discharge  process  for  LiNii_xCox02  is  reversible,  more  phase 
change  has  been  proved  to  deteriorate  the  cycling  capacity  sta¬ 
bility.  The  reason  has  been  unclear  up  to  now.  We  think  it  may 
be  attributed  to  the  impedance  increase  of  LiNi!_xCox02  electrode 
come  from  faster  pulverization  of  LiN^  _xCox02  crystal  particles  and 
poorer  particles  contact  with  conducting  additive  carbon  black.  The 
reduction  of  the  phase  transition  in  charge/discharge  process,  e.g. 
LiNii_xCox02  by  Mn  doping  [14]  and  Al  doping  [39],  can  improve 
the  cycling  stability.  Fig.  6  shows  the  differential  capacity  curves  of 
LiNi0.6CoxMno.4_x02  during  second  cycle.  Broadened  anodic  peaks 
at  3.80  V  as  well  as  cathodic  peaks  at  3.77  V  can  be  observed  for 
x  =  0.05,  showing  single  phase  reaction  in  charge/discharge  pro¬ 
cess.  However,  anodic  peaks  at  3.73  and  3.78  V  for  x  =  0.10,  anodic 
peaks  at  3.71  and  3.78  V  for  x  =  0.15,  as  well  as  anodic  peaks  at 
3.67  and  3.78  V  for  x  =  0.20  are  observed,  indicating  that  the  phase 
transition  in  the  charge/discharge  process  are  strongly  acceler¬ 
ated  with  the  increase  of  Co  content  in  LiNi0.6CoxMno.4_x02.  The 
acceleration  on  the  phase  transition  should  be  attributed  to  the 
increase  of  Ni3+  content  in  LiNio.6CoxMn0.4-x02.  Because  Mn  ion 
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Fig.  6.  Differential  capacity  vs.  voltage  curves  of  LiNio.6CoxMno.4-x02  during  second  cycle. 


with  the  oxidation  state  of  4+  is  inactive  over  the  voltage  rang  of 
2.5-43  V,  the  charge/discharge  reaction  should  correspond  to  both 
Ni2+/Ni4+  and  Ni3+/Ni4+  redox  couple.  Ni2+/Ni4+  redox  couple  in 
LiNixCoi_2XMnx02  corresponds  to  a  single  phase  reaction  [16-23], 
but  Ni3+/Ni4+  redox  couple  in  LiNii_xCox02  corresponds  to  more 
phase  transition  reaction  in  charge/discharge  process  [1,37,38,40]. 
The  increase  of  the  Co  content  leads  to  the  increase  of  the  ratio 
Ni3+/Ni2+  in  LiNi0.6CoxMn0.4_xO2,  as  approved  by  the  XPS  analysis, 
which  can  increase  the  phase  transition  in  charge/discharge  process 
and  may  cause  the  deterioration  of  the  cycling  performance. 

Fig.  7  shows  DSC  profiles  of  LiNi0.6CoxMn0.4_xO2  charged  to  4.3  V. 
The  sample  with  x  =  0.05  shows  two  distinct  exothermic  peaks  with 
an  onset  temperature  of  255.7  °C  and  398.3  J  g-1  of  total  heat  asso¬ 
ciated  with  the  two  peaks.  The  DSC  curves  of  sample  with  x  =  0.10 
is  similar  to  that  of  x  =  0.05,  but  the  total  heat  associated  with  the 
two  peaks  is  283.0 J  g-1 .  The  sample  with  x  =  0.15  exhibits  one  sharp 
exothermic  peak  at  282.5  °C  with  an  onset  temperature  of  259.1  °C 
and  397.2  Jg-1  of  heat  associated  with  the  exothermic  peak.  The 
sample  with  x  =  0.20  show  higher  onset  temperature  (259.8  °C)  and 


exothermic  peak  temperature  (286.3  °C),  but  much  smaller  amount 
of  heat  (223.1  Jg-1)  than  the  other  materials.  Consequently,  the 
sample  with  x  =  0.20  have  better  thermal  safety  characteristics  than 
the  other  three  samples.  These  data  are  very  similar  to  that  of 
LiNi3/8Co2/8Mn3/802,  and  much  smaller  than  that  of  LiNi02  and 
UCo02  [16],  indicating  that  all  synthesized  LiNio.6CoxMn0.4_x02 
samples  present  better  thermal  stability. 

4.  Conclusion 

Well-ordering  layered  LiNi0.6CoxMn0.4_xO2  (x  =  0.05,  0.10,  0.15, 
0.2)  cathode  materials  can  be  successfully  prepared  in  air  at  850  °C 
in  this  study.  The  increase  of  Co  content  in  LiNio.6Mn0.4-xCox02 
leads  to  the  acceleration  of  the  grain  growth  and  the  improve¬ 
ment  of  the  initial  discharge  capacity,  but  the  deterioration  of 
the  cycleability.  The  XPS  analysis  shows  that  the  increase  of  the 
Co  content  can  lead  to  the  enhancement  of  the  ratio  Ni3+/Ni2+  in 
LiNi0.6CoxMn0.4-xO2,  further  leading  to  the  increase  of  the  phase 
transition  in  charge/discharge  process,  finally  resulting  in  the  dete¬ 
rioration  of  the  cycling  performance.  DSC  analysis  indicates  that 
all  synthesized  LiNi0.6CoxMn0.4_xO2  samples  exhibit  good  thermal 
stability.  This  study  demonstrates  that  LiNio.6Coo.o5Mn0.3502  is  a 
promising  cathode  material  for  Li-ion  batteries. 
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